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There has been strong interest in developing compact, stable, and economical spectrometers for a wide variety of applications, such as wavelength division multiplexed optical communications, spectroscopic analysis of biochemical samples and processes, and long-range detection. Compact planar spectrometers have been developed using gratings patterned in a planar waveguide, 1 micro-ring based devices, 2 and superprisms in planar photonic crystals (PPCs). 3, 4 A technical challenge for these devices is the requirement for precise alignment into sub-wavelength-scale optical waveguides. A different type of compact spectrometer has been proposed that employs dielectric microsphere resonators on a two-dimensional (2D) multi-mode waveguide. 5 While this device enables easy coupling into the waveguide and provides a resolution as high as 0.01 nm at 685 nm, the small free spectral ranges of the resonators limit its recoverable spectral range. A much broader reproducible spectral range is possible in another architecture that patterns a polymer layer into 2D PPC gratings on a low-index 2D waveguide. 6 Its spectral resolution, however, is limited to approximately 40 nm over the visible range.
In this letter, we present a compact spectrometer that employs a 2D array of high-quality (Q) factor semiconductor PPC nanocavities, which is positioned on a 2D low-index waveguide made of glass or polymer, as illustrated in the diagram in Fig. 1(a) . The probe light is introduced into the transparent waveguide through free space or an optical fiber. The waveguided light then couples into the PPC cavity modes and transmits out of plane selectively at the resonant mode. Sweeping through the resonant wavelengths of cavities in the array, the probe light is dispersed into a 2D spatial array. Monitoring the scattered light from each cavity provides the spectral content of the input light. High spectral resolution is possible due to the high Q factors of PPC cavities in low-loss semiconductors, which may reach Q % 10 6 or Dk % 1:5pm at k ¼ 1:5lm. 7 Our device employs a gallium phosphide (GaP) PPC cavity array coupled to a polydimethylsiloxane (PDMS) waveguide with a resolution of Dk ¼ 0:3 nm at 840 nm, though order-of-magnitude higher spectral resolution is expected to be possible with reduced fabrication imperfections. PPC cavities are less than 10 lm across and can therefore be matched with pixel spacings of commercial 2D photodetectors. Millions of wavelength channels may be simultaneously monitored in this spectrometer with commercially available megapixel arrays. We fabricated the PPC cavity array in a 138 nm thick GaP membrane using electron-beam lithography, dry etching, and wet chemical undercutting of an AlGaP sacrificial layer. 8 The cavity array consists of 3 Â 3 cavities with a pitch of 3 lm, as shown in the scanning electron microscope images in Fig. 1(b) . We used the linear three-hole defect (L3) cavity design with shifted air-holes. 9 Each of the nine L3 cavities has the same lattice spacing (a ¼ 230 nm) and six periods of air-holes surrounding the defect to eliminate coupling between them. The air-hole size in each cavity of the array was increased with a scaled exposure dosage during the electron-beam lithography step, resulting in a blue-shift of the cavity resonances across the array. Trenches around the PPC edges enable easy pick-up and transfer using a PDMS stamping technique. 10 In particular, we used a 120 lm thick PDMS stamp to transfer the cavity array, which also functioned as the 2D waveguide after suspension across a mechanical support.
We edge-coupled a supercontinuum laser source with wavelength range of 0.55 lm-1.2 lm into the PDMS waveguide through a single mode fiber, and collected the scattered light from the cavity array using a confocal microscope with a 100Â objective lens (NA ¼ 0.95), as shown in the experimental setup sketch in Fig. 1(c) . The spectral response of the scattered light from cavities was detected using a commercial 0.5 m spectrometer. narrow peaks whose polarization dependence and spectral distribution match the resonant mode structure of L3 cavities analyzed in Ref. 11 . This spectral measurement indicates that the cavity modes resonantly transmit light propagating along the 2D waveguide. A Lorentzian fit to the peak at 833.8 nm yields a Q factor of 3400, corresponding to the fundamental mode of the L3 cavity (see inset of Fig. 2(a) ). These cavity modes were further verified by the vertical reflectivity measurement, performed using a cross-polarized microscope configuration. 12 The reflected spectrum in Fig. 2(b) shows the same resonance peaks and Q factors as the scattered spectra under the 2D-waveguide excitation. The other eight cavities also show resonant modes in the scattered measurements. Fig.  2(c) To analyze the spatial distribution of nanocavityscattered fields, we scanned the device using a piezoelectric stage with a step of 100 nm and recorded the cavity transmission with a photodiode (Fig. 1(c) ). Figure 3(a) shows the resulting transmission image when the cavity array was illuminated with the edge-coupled supercontinuum laser. Nine bright spots are visible and match the L3 nanocavity locations as expected. The spectrally resolved measurements performed over the same physical locations of cavities presented in Fig. 2(c) confirm that the highest intensity in each of these bright spots is at the cavity fundamental mode. To analyze the spatially resolved spectral filtering characteristics of the cavity array further, we replaced the white-light input with monochromatic inputs obtained by spectrally filtering the supercontinuum light with bandwidth of 0.3 nm. We then acquired nine spatially resolved transmission images in which the waveguiding input fields were set to the resonant wavelengths of the nine cavities, as shown in Fig.  2(c) . The scanning results are displayed in Fig. 3(b) , which arranges the nine scanned regions in the order of the cavities shown in Fig. 1(b) . In each scan, only the cavity whose fundamental mode matches the probe light exhibits a bright spot with high contrast from other cavity regions, which illustrate the function of the cavities as wavelength-selective channels. The apparent crosstalk between cavities 6 and 8, with fundamental modes at 844.2 nm and 844.5 nm, respectively, is an artifact introduced by the bandwidth of cavity 6, which is 0.33 nm (Q ¼ 2550). When the 844.5 nm input with a bandwidth of 0.3 nm is extracted by the fundamental mode of cavity 8, some of the light overlaps with the fundamental mode of cavity 6 and is therefore also extracted by cavity 6. These scanning results of narrow-band light sources demonstrate that the cavity array spectrometer enables a resolution as high as the bandwidth of the cavity modes. With the monochromatic input illuminations, we measured the extraction efficiency of the device as 0.055% for a single channel. The efficiency can be raised by improving the coupling efficiencies from the waveguide into the cavity, and from the cavity into the vertical direction. We estimate that by shrinking the waveguide cross-section to micro-meter scale and depositing mirrors on the waveguide facets for light recycling, the coupling efficiency into the cavity can be improved to beyond 10%. The extraction efficiency of the cavity mode can be increased by employing cavity designs with tailored radiation patterns. 13, 14 To make a general purpose spectrometer, the resonant wavelengths of the cavities in the array would ideally vary linearly and cover the whole wavelength range of the target source. Controlling the channel peak wavelength and resolution is possible by systematically varying the lattice spacing and air-hole size of the cavities during the fabrication. Another key parameter for the spectrometer is the recoverable spectral range. Although the scattered fundamental mode is nearly ten times higher above the background, according to Fig. 2(a) , the transmission at higher order modes can complicate spectral recovery. To avoid higher order modes, the recoverable spectral range will be governed by the spectral separation between the higher order and fundamental modes of the L3 cavity, which is roughly 5% of the resonant wavelength of the fundamental mode.
11 Figure 4 (a) shows a 10 Â 10 L3 cavity array with swept hole sizes. The cross-polarized reflectivity measurement results shown in Fig. 4(b) indicate that these cavities have resonant modes with the same closely spaced wavelength shift of 0.35 nm around 820 nm, without background from higher order modes. This cavity array can resolve an input spectrum from 805 nm to 840 nm, which is covered by the free spectral range of the L3 cavities at this wavelength range. To use FIG. 3 . Scanning maps of the scattered signal from the cavity array by using (a) the supercontinuum laser source and (b) nine monochromatic sources with bandwidths of 0.3 nm and central wavelengths at the resonant wavelengths of the nine cavities. these 100 cavities to reconstruct an unknown spectrum, the device can be first calibrated using a known broad-band light source. 15 Because of the wide bandgap of GaP, the device can operate in a wide spectral range from the visible to the deep infrared. As shown in Figs. 4(f) and 4(g), high Q factor cavities with resonances at 601.2 nm (Q ¼ 2450) and 1544 nm (Q ¼ 7500) were fabricated in the same GaP membrane, indicating the wide spectral range over which the spectrometer architecture is feasible.
In conclusion, we have demonstrated a compact, high resolution, and potentially low-cost spectrometer based on a 2D PPC cavity array coupled to a PDMS waveguide. Probing the device with broad-and narrow-band light sources, we demonstrated the resolution can be as high as the bandwidth of the cavity mode. Using mature semiconductor fabrication technologies, many more cavities can be densely integrated into one array with high Q factor and precisely controlled resonant modes. This improves not only the resolution, but creates small enough wavelength-selective channels that can match high resolution commercial detectors. A complete transfer of a PPC membrane with dimensions of 425 Â 425 lm 2 was recently reported, 16 making the proposed high density implementation of the PPC cavity spectrometer possible. In a future device, this miniature spectrometer can be enclosed with a detector to avoid movable parts, providing a stable, portable, and high resolution device for applications including chemical and biological analysis. 
